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The electroneutral Na-(K)-Cr cotransport family. Recently the
molecular identification of the major electroneutral sodium-potassium-
chloride entry mechanisms present on apical membranes of distal nephron
segments of the mammalian kidney, on basolateral membranes of many
non-renal epithelial cells and on certain non-epithelial tissues has been
achieved. These transporters represent a major pathway for cellular
uptake of chloride critical for chloride absorptive and secretory processes
and for cell volume regulation following cell shrinkage. In the mammalian
kidney, these sodium-coupled chloride cotransporters represent the major
target sites for clinically useful diuretics including the "loop" diuretics
[furosemide (Lasix®) and bumetanide (Bumex®)] and thiazides (such as,
chlorothiazide, hydrochlorothiazide and metolazone). Although these
Na-(K)-Cl cotransporters exhibit functional and pharmacological differ-
ences, they clearly evolved from a common ancestral gene and thus form
a new gene family. This information is already advancing our understand-
ing of the evolution, structure and function of these transporters both in
renal handling of sodium and in hypertension.
In many cells, sodium and chloride transport are interdepen-
dent, providing an efficient means of directly coupling the ener-
getically favorable entry of sodium into cells with that of chloride.
These sodium-chloride-coupled cotransport systems are electri-
cally silent and can be grouped according to whether K accom-
panies Na and C1 in the transport process and to their
sensitivities to specific diuretics ("loop diuretics" such as bumet-
anide or thiazides like hydrochiorothiazide).
Our [1] and the Forbush groups [2] isolated the first of the
electroneutral Na-(K)-Cl cotransporters from fish. In a certain
way this seems appropriate in view of this symposium honoring
Homer W. Smith, who had a long-time interest in, and made
elegant contributions to, ion transport and regulation in fish [3].
Gamba et al [1] used a functional expression cloning strategy with
X laevis oocytes to isolate a 3.7 kb cDNA encoding a thiazide-
sensitive NaCI cotransporter (TSC; Table 1) from the urinary
bladder of the winter flounder, Pseudopleuronectes americanus.
When complementary RNA (cRNA) transcribed from TSCfl was
injected into X laevis oocytes, Cl uptake increased by nearly
100-fold and was completely dependent on Nat but not Kt and
was inhibited by thiazides, but not bumetanide. The pharmaco-
logical and kinetic characteristics of this Na-Cl cotransporter are
consistent with the properties of native thiazide-sensitive sodium-
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chloride cotransporters in teleost urinary bladder and mammalian
renal distal tubule epithelia.
Subsequently, Xu et al [2] reported the cloning of a 4.8 kb
cDNA encoding the well-characterized bumetanide-sensitive Na-
K-Cl cotransporter (NKCCI; Table 1) mediating C1 secretion in
the rectal gland of the dogfish shark, Squalus acanthias. HEK-293
cells, stably transfected with this cotransporter cDNA, exhibited
sodium- and chloride-dependent, bumetanide-sensitive 86Rb
influx.
Following these initial cloning studies in fish, several cDNAs
were isolated by these same groups which encoded the mamma-
lian isoforms of the thiazide-sensitive Na-Cl cotransporter [4]
(rTSC; Table 1) and bumetanide-sensitive Na-K-Cl cotransport-
ers [4—6] [BSC1(NKCC2) and BSC2; Table 1]. In the mouse, we
have shown that these latter two Na-K-Cl cotransporters [BSCI
(NKCC2) and BSC2] are the products of different genes [6].
Moreover, genetic diversity in the mammalian renal Na-K-Cl
cotransporters is increased by alternative splicing [5; and unpub-
lished data] of BSC1(NKCC2), which leads to differences in the
predicted cotransporter protein. Although no information is
currently available as to the functional significance of the complex
splicing pattern of BSC1(NKCC2), these isoforms do exhibit
differential expression in rabbit kidney cortex and medulla [5].
Both rat cDNAs (rTSC and BSCI) express diuretic-sensitive
Na-coupled, Cl transport when expressed in Xenopus oocytes
[4] and appear to be predominantly, if not exclusively, expressed
in kidney. It will be interesting to see if renal-specific promoters
can be identified to explain this tissue (and tubule)-specific gene
expression. Recent studies using isoform-specific antibodies by
our group have demonstrated that BSC1 and rTSC are expressed
in apical membranes of the thick ascending limb and distal
convoluted tubule, respectively, and appear to represent the
Na-(K)-Cl transporters mediating NaCl absorption in these
nephron segments. In contrast, BSC2 mRNA is more widely
expressed outside the kidney and appears to represent a basolat-
eral form of the Na-K-2Cl cotransporter found in chloride secre-
tory epithelia [61. In addition, BSC2 may function in cell volume
regulation in epithelial and non-epithelial cells.
Despite differences in diuretic-sensitivity, ionic requirements,
tissue distribution and species of origin (Table 1), the Na-(K)-Cl
cotransporters deduced from the cloned cDNAs are highly similar
and appear to have evolved from a common ancestral gene. These
proteins show no similarity to any of the other major gene families
currently recognized, and thus form a new family of transporters:
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Table 1. The electroneutral sodium chloride cotransporter gene family
Original
name
Physiological
functions
Diuretic
sensitivity Source of cDNA
Amino acid #
predicted Mr Tissue expression Reference
TSCfl NaCI cotransport in Thiazides Flounder urinary 1023 Urinary bladder, eye, kidney, [1]
absorptive epithelia bladder 112 kDa intestine, brain, gonad
rTSC NaCI cotransport in Rat kidney 1002 Distal nephron [4]
absorptive epithelia 110 kDa
BSC1 NaKCI cotransport in Bumetanide Rat kidney 1095 Kidney—thick ascending limb [4]
absorptive epithelia (Mouse kidney)
Rabbit kidney
120 kDa
NKCC2 NaKCI cotransport in 1099 Kidney [5]
absorptive epithelia 121 kDa
BSC2 Na-K-Cl cotransport in Bumetanide Mouse IMCD3 1205 Kidney, secretory epithelia [6]
secretory epithelia cells 130 kDa and many other cells
or
NKCC1 Volume regulation during
shrinkage
Shark rectal gland 1192
130 kDa
Rectal gland and many other
tissues
[2]
Abbreviation is: Mr, molecular weight.
Fig. 1. The Na-(K)-C! cotransporters. A. Localization of cloned Na-(K)-Cl cotransporters along the mammalian nephron. Abbreviations are: TAL, thick
ascending limb; DCT, distal convoluted tubule; IMCD, inner medullaiy collecting duct. B. Schematic model of the topology of the Na-(K)-CI
cotransporters. The proposed membrane-spanning helices are numbered 1 to 12. Putative N-linked glycosylation sites on the loop between membrane
spans 7 and 8, and the amino-(NH2) and carboxy-(COOH) termini are indicated.
the electroneutral sodium-chloride cotransporter family (Fig. 1). members of this family (Fig. 2B). These proteins include ones from
Several other sequences found in the databases exhibit significant the maiphigian tubule of an insect, from the flat worm, Caenorhab-
similarity to these cotransporters, and are thus, distantly related ditis elegans, and from saccharomyces cerevisiae or baker's yeast.
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Fig. 2. The Na-(K)-Cl cotransporter family. A. Similarity histogram of the Na-(K)-C1 cotransporters based on a window of ten amino acids. B. Family
tree calculated by the Clustal method using DNASTAR software according to the branching order in a hypothetical phylogenetic tree. Evolutionary
distances are indicated by the length of lines. See text for a discussion.
Sequence analyses show that the cotransporters have a similar
topology consisting of 12 potential membrane-spanning helices
and long (but variable length) amino- and carboxy-terminal
segments that are predicted to be cytosolic (Fig. 2A). The loops
between the seventh and eighth membrane spans contain a
variable number of potential N-linked glycosylation sites, suggest-
ing that these transporters are glycosylated. The membrane-
spanning and COOH-terminal regions of the cotransporters show
the highest similarity, while the NH2-terminal and segments
between the loops show the lowest amino acid identity (Fig. 2A).
Variable numbers of potential PKC and PKA phosphorylation
sites can be identified in these proteins, but the significance of any
of these sites awaits future studies. Additional areas for further
study include the isolation of the promoters for these genes and
the analysis of the structure-function properties of these proteins.
Of particular interest in this field will be the identification of the
binding sites for diuretics and ions.
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